Brain fractions of adult control (+/+) and shiverer (Shi/Shi) mice were investigated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting . Immunostaining with specific antisera against rat brain myelin-associated glycoprotein (MAG) was detected at about the 96-kD region of gels in electrophoresed samples of the total homogenate, low-speed supernatant fraction, and low-and high-speed sedimentable portions of brain from +/+ mice. Reduced immunostaining was observed in the corresponding samples of brain fractions from Shi/Shi mice.
INTRODUCTION
The CNS of shiverer (Shi/Shi) mice is significantly reduced in myelin and in total myelin proteins, of which the major component is myelin basic protein (MBP) [Bird et al, 1978; Mikoshiba et al, 1980; Inoue et al, 19811 . Accordingly, Shi/Shi CNS myelin lacks the major dense line that is formed with MBP [Privat et al, 19791 . The shiverer gene is thought to code for an altered MBP in CNS [Barbarese et al, 1983; Roach et al, 19831. However, data on other CNS myelin and membrane proteins in Shi/Shi mice are scanty. The myelin enzyme 2' ,3'-cyclic nucleotide 3'-phosphodiesterase (CNP) [Mikoshiba et al, 19801 , as well as the membrane-bound enzyme (Na+ + K+)-ATPase [Sheedlo et al, 19861 are not reduced in this mutant. It is possible that the defect in MBP synthesis leads to secondary changes in the concentration or distribution of other myelin proteins that are integrated with MBP in myelin development or that the defect in gene expression in oligodendroglia affects many myelin proteins directly. This information may help elucidate normal my elin development.
Myelin-associated glycoprotein, a 100-kD protein, is a minor constituent of the mammalian nervous system. This protein has been localized immunocytochemically to the periaxonal lamellae of myelin sheaths both in the central and peripheral nervous systems [Sternberger et al, 1979; Trapp and Quarles, 19821 . Based on its distribution, it is thought that MAG functions in the interrelationship between the oligodendroglial membrane and the axon [Trapp and Quarles, 1982; Quarles, 19841. MAG in the brains of myelin-deficient quaking and jimpy mice was reduced by 85 % and 90%, respectively [Frail and Braun, 19851. Also, Matthieu and co-workers [1974] detected reduced MAG in quaking mouse brain and the major MAG protein exhibited a higher molecular weight than in the control mice. However, the PNS of adult trembler mice, which has a severe myelin deficit, quite surprisingly exhibits a 27 % increase in MAG content [Inuzuka et al, 19851 .
With respect to the shiverer mutant, normal MAG synthesis was measured in an in vitro rabbit reticulocyte lysate system using total adult Shi/Shi brain cytoplasmic brain RNA. It was suggested that MAG synthesis in the brains of Shi/Shi mice might be delayed, but that MAG levels would be normal in the adult [Frail and Braun, 19851 . However, there is no information on the concentration or distribution of MAG in the shiverer adult CNS.
The purpose of this study was to determine the cellular distribution of MAG in the CNS of adult myelin-deficient Shi/Shi mice and to determine whether MAG in this mutant is deposited with the same membrane fractions as in those of control mice.
MATERIALS AND METHODS

Materials
Polyacrylamide and polymerizing reagents for electrophoresis and nitrocellulose and the Trans-blot apparatus used in immunoblotting were purchased from Bio-Rad. Diaminobenzidine (DAB), 4-chloro-l-naphthol, SDS, Coomassie blue stain, ATP salts, EDTA, and gel buffer (Trizma, pH 8.8) were obtained from Sigma Chemical Co. Goat anti-rabbit IgG-horseradish peroxidase (HRP) and normal goat serum were purchased from Miles Laboratories. Prestained protein molecular weight standards were obtained from Bethesda Research Lab.
Mice
Control (+/+) and shiverer (Shi/Shi) male mice at about 60 days of age were used in this study. The breeding stock of shiverer mice @hi/ +) was a kind gift of Dr. T.J. Sprinkle (Augusta, GA). The mice were maintained under NIH guidelines.
Antigen and Antisera Preparation
The polyvalent rabbit antiserum raised against rat brain MAG was prepared and characterized as described earlier [Quarles et al, 19811 and was a kind gift of Dr. R. Quarles (Bethesda, MD) . The preparation and characterization of (Na+ + K+)-ATPase antigen and antisera have been described elsewhere [Siegel et al, 19841 .
Fractionation Procedure
The brains (cerebrum, cerebellum, and medulla) were excised from + / + and Shi/Shi mice and homogenized in 10 volumes of 0.32 M sucrose, 1 mM EDTA, pH 7.4 (total homogenate), as described previously [Siegel et al, 19841 . After two centrifugation steps the following supernatants and pellets were obtained [Siegel et al, 19841: P1 (8,500g pellet) , S1 (8,500g supernatant), S2 (30,OOOg superaatant), and P2 (30,OOOg pellet). The 30,OOOg (P2) pellet was suspended in an incubation mixture [4 mg protein/l ml, 1 mM EDTA-Tris, 3 mM Na2ATP, and 30 mM imidazole-HCI, pH 7.4,0.15% (wiv) SDS, 10% (w/w)sucrose] as described by Siegel and co-workers [ 19841. However, the sucrose gradient was modified as follows (top to bottom): 8 ml P2 incubation mixture in 10% sucrose (designated fraction A prior to centrifugation), 20 ml20% sucrose, 8 ml 32% sucrose, and 2 ml 64% sucrose. The gradients were centrifuged in an SW-28 rotor in the Beckman L5-50 at 27,000 rpm (100,OOOg) for 4 hr. The fractions were aspirated from above and designated as follows: B (10% sucrose), C (10-20 % interface), D (20 % sucrose), E (20-32 % interface), and F (32 % sucrose). The fractions were diluted 10-fold in water and centrifuged at 39,OOOg (#19 rotor) overnight, and the final pellets were resuspended in water. The protein content of these fractions was determined by the method of Lowry et a1 [ 195 11 . Three separate experiments with a total of 19 + / + and 16 Shi/Shi mice were used for the preparation of the above fractions.
Electrophoresis and lmmunoblot
Samples of all brain fractions (100 pg of protein) were added to SDS-gel sample buffer (2.3% SDS) and electrophoresed in an SDS-polyacrylamide slab gel (6% acrylamide) system as described by Laemmli [ 19701. Pairs of companion gels were electrophoresed together, and one gel was stained with Coomassie blue while the second gel was electroblotted to nitrocellulose [Towbin et al, 1979; Siegel et al, 19841 . The nitrocellulose sheets were incubated as follows: blocking solution consisting of 5% dry milk solids in 10 mM Tris-HC1, pH 7.4, and 0.9% NaCl (TBS) [Johnson et al, 19841 for 60 min at 37°C; rabbit anti-MAG antiserum (1:250) for 120 min at 37 "C; goat anti-rabbit IgG-conjugated-horseradish peroxidase (1 :2,000) for 60 min at 37"C, and last, a solution containing 0.05% diaminobenzidine or 0.05% 4-chlorol-napthol, 0.03% hydrogen peroxide (H202), 1% acetone, and TBS for 5 min. The antisera were diluted with 10% normal goat serum, 5% dry milk solids in TBS. The nitrocellulose sheets were rinsed for 30 rnin with TBS after each incubation with the primary and secondary antisera.
In one experiment, duplicate tracks containing 100 pg of fraction D and P1 pellet of + / + mice were electrophoresed on a single slab and electroblotted to nitrocellulose as described above. The tracks were bisected and incubated with (Na+ + K+)-ATPase (1:200) or MAG (1:250) antisera to localize their respective positions on immunoblots.
lmmunocytochemistry
Six each of + / + and Shi/Shi mice were perfused with 4 % paraformaldehyde in 0.1 M sodium phosphate, pH 7.4. The brain regions (cerebrum, cerebellum, and medulla) were sectioned sagitally (1-2 mm thick), fixed for an additional 4 hr at room temperature, and embedded in paraffin.
Paraffin sections (5 pm) were mounted on gelatin-coated slides, incubated, and immunostained with anti-MAG as described for other antisera [Siegel et al, 1984; Sheedlo et al, 19861 . Primary and secondary (anti-rabbit-conjugated HRP) antibodies were diluted 1:250, and rabbit preimmune serum was diluted 1:200 in 1 % goat serum in 0.1 M phosphate-buffered saline (PBS), pH 7.4. MAG immunostaining was visualized by treating the sections with 0.025 % diaminobenzidine, 0.01 % H202 in 0.05 M Tris, pH 7.6, for 5 min.
RESULTS
Electrophoresis and lmmunoblot
As shown by SDS-PAGE and immunoblotting, the total brain homogenates from + / + and Shi/Shi mice exhibited a MAG-like immunoreactive band of Mr about 96,000 (Fig. lA, lanes 2,3) . Further, immunoblotting of purified MAG (a gift of Dr. R. Quarles) in our 6% gel system showed a MAG-immunostained band in the 96-kD region, as determined by the Rf value (not shown). All brain samples in both + / + and Shi/Shi mice, except the S2 fractions (lanes 6 and 7), showed immunostaining for MAG; however, the immunostaining in Shi/Shi brain samples was reduced, indicating a reduction in MAG content. The P1 and P2 pellets of +/+ mice brain exhibited the most intense staining for MAG, whereas reduced staining was detected in the corresponding pellets of Shi/Shi mice brain (Fig. lA, lanes 8-11) . All brain fractions from + / + and Shi/Shi mice showed identical Coomassie blue stain patterns in the 96-kD region of the gels in which MAG immunostain was found (Fig. 1B) . The amount of MAG in these samples is too small to be obvious by protein stain alone. MAG immunostaining in the sucrose gradient fractions was faint in the 10% sucrose fraction (B) and at the 10-20% sucrose interface (C), but amounted to only a trace or was not detectable in 20% and higher sucrose fractions from + / + mice or in any of the sucrose fractions from Shiverer mice (not shown).
(Na+ + K+)-ATPase in fraction D and P1 pellet was shown by immunoblotting to migrate to about the 110-kD region in the 6% acrylamide gel system ( Fig. 2A,  lanes 2a,3b) . However, MAG immunostaining in the two samples was observed at the 96-kD region ( Fig. 2A, lanes 2b73a) .
The Coomassie blue-stained gel reveals a band in fraction D, which contains high (Na+ + K+)-ATPase, and the P1 pellet above the 94.7-kD standard (Fig. 2B,  lanes 2,3) . This band corresponds to the (Na+ + K+)-ATPase immunostained band in respective samples in the immunoblot ( Fig. 2A, lanes 2a,3b) . As a technical note, the immunoblots stained for MAG, especially the DABtreated blot, revealed a doublet that may result from the dense accumulation of the comigrating protein to about the 110-kD region (Fig. 1A) . It is possible that the comigrating protein is (Nat + K+)-ATPase, as immunoblots of mouse brain fractions immunostained with (Na+ + K+)-ATPase antisera reveal a band in the 110-kD region ( Fig. 2A, lane 3b) .
lmmunocytochemistry
In the central cores of the cerebellar folia, the number of nerve fibers that exhibited irnmunostaining for MAG in the periaxonal region were significantly reduced in Shi/Shi mice (Fig. 3B ) compared to that in control mice (Fig. 3A) . Cells having the morphology of oligodendrocytes were irnmunostained for MAG at the periphery and within the cytoplasm of the cell body in the cerebellar central cores of Shi/Shi mice (Fig. 3C) . Similar cells could not be found in sections from + / + mice.
There was a significantly greater number of nerve fibers exhibiting periaxonal staining for MAG in the corpus callosum of +/+ mice (Fig. 4A ) than in the corpus callosum of Shi/Shi mice (Fig. 4B) . MAG-immunostained nerve fibers were visible extending into the cerebral cortex (cc) of +/+ mice (Fig. 4C) but not into that of Shi/Shi mice (Fig. 4D) . Oligodendrocyte-like cells in the corpus callosum of Shi/Shi mice, but not +/+ mice, were immunostained for MAG at the periphery of the cell body and within the cytoplasm (Fig. 4D) .
Immunostaining for MAG in the medulla was distributed along nerve fibers (periaxonal) in + / + (Fig. 5A ) and Shi/Shi mice (Fig. 5B) , although the number of stained fibers and the density of staining were significantly reduced in medulla of Shi/ Shi mice compared to that in control mice (compare Figs. 5A ,5B). As in the corpus callosum and cerebellar central cores, oligodendrocyte-like cells in the medulla also were immunostained for MAG at the periphery and within the cytoplasm of their perikarya (Fig. 5C) . Similarly stained cells could not be found in sections from +/ + medulla.
DISCUSSION
The immunocytochemical and immunoblotting results in this study show a large reduction in CNS MAG in adult Shi/Shi mice. The periaxonal distribution of MAG immunostaining along nerve fibers in both +/+ and Shi/Shi mice appears similar to that shown by Sternberger and co-workers [1979] and by Trapp and Quarles [1984] in rat and mice.
In a radioimmunoassay study, whole-brain homogenates of 4-to 6-week-old Shi/Shi mice exhibited a 57% reduction in MAG content compared to that of control mice (Quarles and Knobler , personal communication) . The immunocytochemical and imtnunoblot results in our study are consistent with this radioimmunoassay study.
The novel finding of MAG-like immunostaining in the oligodendrocyte-like cells in cerebellum, cerebrum, and medulla from Shi/Shi mice and not from + / + mice is of interest. This observation may indicate that MAG is synthesized at normal or near normal levels and that it accumulates in the cytoplasm in Shi/Shi mice because it is not transported to the cell processes for integration into myelin. The block may be at the level of myelin assembly or, proximally, in transport. MAG in Shi/Shi mice seems to be associated with the same membrane fragments as + / + mice, as shown by the similar distribution in various sedimentable brain fractions (Fig. 1A) . The potential for synthesis of MAG appears to be preserved in the Shiverer mutant, a finding that is consistent with the in vitro data of Frail and Braun [ 19851. MAG-immunostained satellite oligodendrocytes and their processes were also detected in the spinal cord of a 90-day-old Shiverer mouse, although this experiment was not complete with controls [Sternberger, 19841. b Fig. 1 . A. Immunoblot characterization of MAG in brain fractions of + / + and ShilShi mice. Samples containing 100 pg protein of each brain fraction were electrophoresed in a 6% acrylamide gel system, and the gel was electroblotted to a nitrocellulose sheet. The sheets were incubated first with MAG antiserum (1:250) and then with goat anti-rabbit IgG-HRP (1:2,000) as described in Methods. a, b. Immunoblots treated with 4-chloro-1-naphthol and DAB as a substrate, respectively. In conclusion, the amounts of at least two membrane enzymes in the CNS of Shi/Shi mice, CNP [Mikoshiba et al, 19801 and (Na' + K+)-ATPase [Sheedlo et al, 19861 , are not affected by the shiverer gene or by reduced CNS myelin, whereas the myelin proteins MAG (this study), MBP, and proteolipid protein [Mikoshiba et al, 19801 are significantly reduced in myelin-deficient Shi/Shi mice. Additionally, MAG appears to accumulate in oligodendrocyte-like cells in the CNS of the shiverer mutant, suggesting a block in transport of proteins destined for myelin assembly. The mechanism for such transport requires further elucidation.
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